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S1 Statistics of the field over past decades

Figures 4 and 5 were built using data from the Web of Science database. The queries for each category are:
Total ML:

TS=("machine learning" OR "artificial intelligence" OR "neural networks" OR "random forest" OR "decision trees"
OR "deep learning" OR "supervised learning" OR "unsupervised learning") AND TS=("CMIP" OR "CMIP3" OR
"CMIP5" OR "CMIP6" OR "Coupled Model Intercomparison Project" OR "climate model" OR "climate models"
OR "general circulation model" OR "general circulation models" OR "Earth system model" OR "Earth system

models")
ML-MME:

TS=("machine learning" OR "artificial intelligence" OR "neural networks" OR "random forest" OR "decision trees"
OR "deep learning" OR "supervised learning" OR "unsupervised learning") AND TS=("CMIP" OR "CMIP3" OR
"CMIP5" OR "CMIP6" OR "Coupled Model Intercomparison Project" OR "climate model" OR "climate models"
OR "general circulation model" OR "general circulation models" OR "Earth system model" OR "Earth system

models") AND TS=("multi-model ensemble" OR" multi-model ensembles")

ML-Downscaling:

TS=("machine learning" OR "artificial intelligence" OR "neural networks" OR "random forest" OR "decision trees'
OR "deep learning" OR "supervised learning" OR "unsupervised learning") AND TS=("CMIP" OR "CMIP3" OR
"CMIP5" OR "CMIP6" OR "Coupled Model Intercomparison Project" OR "climate model" OR "climate models"
OR "general circulation model" OR "general circulation models" OR "Earth system model" OR "Earth system
models") AND TS=("downscaling" OR "bias correction")

ML-Downscaling MME:

TS=("machine learning" OR "artificial intelligence" OR "neural networks" OR "random forest" OR "decision trees'
OR "deep learning" OR "supervised learning" OR "unsupervised learning") AND TS=("CMIP" OR "CMIP3" OR
"CMIP5" OR "CMIP6" OR "Coupled Model Intercomparison Project" OR "climate model" OR "climate models"
OR "general circulation model" OR "general circulation models" OR "Earth system model" OR "Earth system
models") AND TS=("downscaling" OR "bias correction") AND TS=("multi-model ensemble" OR" multi-model

ensembles")



ML Causality:

TS=("CMIP" OR "CMIP3" OR "CMIP5" OR "CMIP6" OR "Coupled Model Intercomparison Project" OR "climate
model" OR "climate models" OR "general circulation model" OR "general circulation models" OR "Earth system
model" OR "Earth system models") AND TS=("causal discovery" OR "causality" OR "causal inference" OR

"causal")

ML Emulators:

TS=("machine learning" OR "artificial intelligence" OR "neural networks" OR "random forest" OR "decision trees"
OR "deep learning" OR "supervised learning" OR "unsupervised learning") AND TS=("CMIP" OR "CMIP3" OR
"CMIP5" OR "CMIP6" OR "Coupled Model Intercomparison Project" OR "climate model" OR "climate models"
OR "general circulation model" OR "general circulation models" OR "Earth system model" OR "Earth system

models") AND TS=("emulation" or "surrogate" or "emulator" or "emulators" or "surrogates")

ML XALI:

TS=("machine learning" OR "artificial intelligence" OR "neural networks" OR "random forest" OR "decision trees"
OR "deep learning" OR "supervised learning" OR "unsupervised learning") AND TS=("CMIP" OR "CMIP3" OR
"CMIP5" OR "CMIP6" OR "Coupled Model Intercomparison Project" OR "climate model" OR "climate models"
OR "general circulation model" OR "general circulation models" OR "Earth system model" OR "Earth system
models") AND TS=( "XAI" OR "explainable AI" OR "Layer-wise Relevance Propagation" OR "LRP" OR "Feature

importance analysis" OR "feature importance")

Model Independence:

TS=("climate" OR "Earth" OR "Earth System") AND TS=("CMIP" OR "Coupled Model Intercomparison Project"
OR "climate model" OR "general circulation model") AND TS=("ensemble" OR "multi-model ensemble") AND
TS=("dependence" OR "independence" OR "genealogy")

SMILKEs:

TS=(“Multi-model ensemble” OR “coupled model intercomparison” OR “cmip”) AND TS= (“large ensemble”
OR “grand ensemble” OR “smile”)



S2 Systematic Model Biases

Some systematic biases are present in the vast majority of CMIP models at the global and regional scale, and some
might even persist over multiple CMIP generations, which requires special attention. In this section we review some
long-standing biases in CMIP models and strive to discuss their origins and consequences of these systematic model
biases. Those are as follows: a) General evaluation, b) Sea surface temperature (SST) and ocean model biases, ¢) The
Intertropical Convergence Zone (ITCZ) bias, d) biases in extratropical cyclones, e) Marine tropical/subtropical low
cloud biases, f) biases in the cryosphere, g) biases in extremes. With this list, we do not intend to provide a complete
list of all bias reported, but to give some relevant examples of model biases and its background. For further details on

this topic, we also recommend Simpson et al. (2025).

General evaluation: Bock et al., 2020 employed the ESMValTool (see Section 2.6 and Eyring et al., 2020; Righi et
al., 2020), to quantify the progress of climate models across different CMIP phases. Their analysis revealed significant
advancements from CMIP3 to CMIP6 in simulating the vertical distributions of key variables, including temperature,
water vapor, and zonal wind speed. The authors also demonstrated that high-resolution models in the historical CMIP6

simulations show a notable reduction of temperature and precipitation mean biases.

Sea surface temperature and ocean model biases: The ocean accumulates more than 90% of the excess energy from
the global greenhouse effect (IPCC, AR6). The oceanic global circulation gyres transport excess heat from the tropics
towards the poles. Furthermore, the oceanic surface fluxes of heat and moisture enter the atmosphere and thereby
affect its dynamics. The ocean component also interacts with the cryosphere and influences processes therein (IPCC,
ARG). These various oceanic processes have to be properly captured in ESMs. Long-standing SST biases result in
biases when simulating other key phenomena such as tropical cyclones (e.g. Dutheil et al., 2020) and extratropical
cyclones (e.g., Priestley et al., 2023a). Wills et al. (2022) investigated systematic biases in the large-scale patterns of
recent SST and sea-level pressure change and showed that CMIP5 and CMIP6 ensembles are not able to reproduce
the observed trends. Luo et al. (2023), moreover, discussed the origins of Southern Ocean warm SST bias in CMIP6
models. The Southern Ocean has namely been subjected to systematic warm SST bias in several generations of CMIP
models (Sen Gupta et al., 2009; Wang et al., 2014). Westen and Dijkstra (2024) recently discussed persistent climate
model biases in the Atlantic Ocean's freshwater transport. These various aforementioned biases are linked to the
Atlantic Meridional Overturning Circulation (AMOC), which consists of the northward flow in the upper oceanic
layers and returning southward flow in the deep ocean (Luo et al., 2023; Wang et al., 2024). The AMOC is considered
to be one of the major tipping elements in the global climate system (Armstrong McKay et al., 2022; Van Westen et
al., 2024), which may weaken or even collapse with future global warming, thus a more reliable representation of

SST/ocean model would be desirable e.g. to better foresee the future AMOC behaviour.

The Intertropical Convergence Zone (ITCZ) bias: ITCZ is a band of a zonally-oriented surface convergence zone
near the equator associated with deep convective clouds and heavy precipitation (Schneider et al., 2014; Waliser and
Gautier, 1993). The common problem of fully-coupled global climate models from the early stage of their

development is that they simulate two ITCZs over the central and eastern Pacific and the Atlantic in both hemispheres,
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instead of one ITCZ over the northern hemisphere as in observations, which is referred to as the double-ITCZ bias
(Adam et al., 2018; Li and Xie, 2014; Oueslati and Bellon, 2015; Tian and Dong, 2020; Xiang et al., 2017). Tian and
Dong (2020), as an illustration, recently examined the double-ITCZ bias in CMIP3, CMIP5, and CMIP6 based on
annual mean precipitation. They found that all three generations of CMIP models exhibit similar systematic annual
MME mean precipitation errors in the tropics when evaluated against the NOAA Global Precipitation Climatology
Project (GPCP; Adler et al., 2003) and the NASA Tropical Rainfall Measurement Mission (TRMM; Huffman et al.,
2007) observational datasets.

Biases in extratropical cyclones: Extratropical cyclones involving weather fronts and related overall storm tracks are
an important component of the climate system since they transport heat poleward and are associated with a notable
amount of precipitation and severe weather in the midlatitudes (Clark and Gray, 2020; Dacre, 2020; Schultz et al.,
2019). The accurate representation of extratropical cyclones, including their thermodynamics, frontal structure, and
track in CMIP models, however, remains challenging and has been subjected to biases (e.g. Chang et al., 2012;
Priestley et al., 2023a, b). Priestley et al. (2023a) investigated drivers of biases in the CMIP6 extratropical storm tracks
in the Northern Hemisphere (NH). Even though the previous work demonstrated that the representation of
extratropical storm tracks in the NH has improved from CMIP5 to CMIP6, the persistent biases remain in CMIP6
(Priestley et al., 2023a). A follow-up study by Priestley et al. (2023b) investigated drivers of biases in the CMIP6
extratropical storm tracks in the Southern Hemisphere (SH). The Southern Hemisphere storm tracks have been
commonly simulated too far equatorward in CMIP models during the historical period. This issue was somewhat

reduced in CMIP6 compared to CMIPS, although it is still a problem.

Marine tropical/subtropical low cloud biases: Crnivec et al. (2023) analyzed 12 CMIP6 ESMs and demonstrated that
they all underestimate the aerial extent of low clouds and simultaneously overestimate their radiative effect at the top
of the atmosphere. This well-known issue, referred to as the “too few, too bright” tropical low-cloud bias, was already
present in previous generations of climate models such as CMIP5 and CMIP3 (e.g., Nam et al., 2012, and references
therein). Cesana et al. (2023), moreover, addressed how the representation of marine tropical Sc and Cu clouds and
associated feedbacks in the abrupt 4xCO2 scenario changed between CMIP5 and CMIP6. They found that,
collectively, CMIP6 models notably increased Sc cloud cover and slightly increased Cu cloud cover compared to their
CMIPS predecessors and are thus closer to observations. They further showed that CMIP6 models notably improved
the representation of Sc feedback and slightly improved the representation of Cu feedback compared to CMIP5
models. Yet CMIP6 models still underestimate the magnitude of positive Sc and Cu feedbacks relative to

observationally inferred estimates, which should drive further climate model development.

Biases in the cryosphere: The global cryosphere plays an important role in determining the planetary climate since
bright ice and snow surfaces reflect a significant portion of the solar radiation back to space and cool the planet (IPCC,
ARG6). In a warming world, sea ice is shrinking and thinning, with both Arctic and Antarctic sea ice approaching
historic lows (NASA Earth Observatory; IPCC AR6). The melting of sea ice with global surface warming implies that

an increasing area of dark and absorptive ocean surface is exposed to warming sunlight, which forms one of the
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principal climate feedback mechanisms — namely, the sea ice albedo feedback (IPCC, AR6). It is thus pivotal to best
capture the cryosphere extent, properties, and its response to global warming. To that end, Frankignoul et al. (2024)
investigated Arctic September sea ice concentration biases in CMIP6 models and their relationships with other model
variables. They demonstrated that CMIP6 models exhibit large biases in Arctic sea ice climatology, which seem to be
related to biases in seasonal oceanic and atmospheric circulations. Notz and the Sea-Ice Model Intercomparison
Project (SIMIP) Community (2020) furthermore showed that CMIP6 models still fail to simulate a plausible evolution
of Arctic sea-ice area (SIA), even though CMIP6 models better capture the sensitivity of Arctic sea ice to forcing
changes compared to CMIP5 and CMIP3 models. Roach et al. (2020) evaluated the Antarctic sea ice in CMIP6 and
demonstrated that the mean Antarctic sea-ice area is close to satellite observations, but inter-model spread remains
substantial, with summer Antarctic SIA being consistently biased low across the ensemble. Nevertheless, they found

modest improvements in the simulation of sea-ice area and concentration compared to CMIP5.

S3 Further Examples of process-based Evaluation

Another example are low-level clouds over tropical and subtropical oceans that have been poorly simulated in multiple
CMIP generations when evaluated against satellite observations in the present-day climate (e.g. Nam et al., 2012),
which inhibits reliable future climate projections. Crnivec et al. (2023) and Cesana et al. (2023) introduced a
qualitative approach to discriminate stratocumulus (Sc) from shallow cumulus (Cu) low-cloud regimes to evaluate
their horizontal extent (cloud cover), radiative effect at the top of the atmosphere (TOA) and cloud-radiative feedbacks
in CMIP5 and CMIP6 models. This approach is essential for guiding model improvements, because Sc and Cu
formation and evolution are driven by a distinct interplay of coupled processes within the moist marine boundary layer
(such as radiation, turbulence, convection); and Sc and Cu clouds also respond differently to global warming (Cesana

and Del Genio, 2021).

The teleconnection between the Indian Summer Monsoon (ISM) and the El Nifio—Southern Oscillation (ENSO) serves
as a further example, which is well captured by MMEs of CMIP5 and CMIP6 models (Roy and Tedeschi, 2016; Roy
et al., 2017). The teleconnection is strongest over central northeast India (Roy et al., 2017), where El Nifio events are
associated with a significant rainfall deficit, while La Nifia events lead to a significant rainfall excess. In these studies,
the MME is constructed using a simple mean (“one-model-one-vote”) approach. Similar results are obtained when the
MME is restricted to a subset of well-performing models, as identified for the ISM by Jourdain et al. (2013).
Precipitation anomalies associated with different ENSO phases are reproduced well by most individual models and
by the MME, in agreement with observations (see Roy et al., 2017 for details). Furthermore, the model ensemble
analysis of ISM precipitation and Pacific SSTs reveals a clear linkage between the Walker circulation and the ISM
over central northeast India, consistent with observations. This region represents the meeting point of the Hadley and
Walker circulations during the ISM season, and the associated coupling and teleconnection processes appear to be
well represented in most CMIP models and in the MME. This process-based understanding helps explain why the
ENSO-ISM teleconnection is robustly captured in climate models.
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Ahmed and Neelin (2021) utilised the observed relationship between tropical precipitation and buoyancy as the basis
for a process-oriented analysis of CMIP6 models. They quantitatively assessed the thermodynamic sensitivity of
convection across models using regime-oriented diagnostics. Their results showed that several models exhibit
excessive moisture sensitivity, potentially arising from underactive convective schemes or tuning assumptions.

Consequently, these models tend to produce mean precipitation states that are biased towards grid-scale saturation.

S4 Storylines for understanding Uncertainty

Considering this, uncertainty in climate projections can be communicated through climate storylines (Shepherd et al.,
2018), which emphasizes exploring and understanding physically plausible events or pathways. The storyline
approach differs from traditional methods of uncertainty evaluation in climate models in that it does not assume that
model spread adequately represents uncertainty. This assumption may not hold for dynamically driven climate
phenomena, where MME means may obscure regional details with individual climate models exhibiting atmospheric
circulation patterns that can differ qualitatively from the multi-model mean (Bellomo et al., 2021; Zappa and Shepherd,
2017). Instead of quantifying the likelihood of events, storylines focus on the physical drivers and interactions that
make an event possible (Shepherd et al., 2018), constructing a causal network and conditioning on specific
assumptions. If we know thermodynamic changes are robust, the thermodynamic aspects of the observed changes are
regarded as certain and the dynamic aspects as uncertain. By explicitly linking causal mechanisms to regional climate
hazards, storylines are especially useful for regional climate impacts and understanding extreme events (Bevacqua et
al., 2022; Shepherd, 2019; Zappa and Shepherd, 2017), improving the interpretability and usability of projections for

decision-makers (Kunimitsu et al., 2023).
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